Animals, plants, fungi, and cyanobacteria all display daily or circadian rhythms in their biochemistry, physiology, and/or behavior that are controlled by biological clocks (Dunlap et al., 2004) . A variety of biological processes in various organisms are controlled by biological clocks such as gene expression, photosynthesis, sleeping/waking, and development, and this regulation is thought to help organisms adapt to the daily changes in light, temperature, and other factors in their environment. Circadian regulation of gene expression (i.e., the levels of specific proteins in cells) can be accomplished by clock control of transcription, mRNA stability, translation, and protein degradation. A particularly fascinating example of translational control by a circadian clock is that in the dinoflagellate alga, Gonyaulax (Rossini et al., 2003) . However, we focus our discussion specifically on clock control of cyanobacterial gene expression at the level of transcription.
In general, studies of circadian gene expression in eukaryotes have often used microarray analyses to show that a relatively small proportion of genes (~5%-15%) in eukaryotic genomes display rhythms in mRNA abundance. While microarray technology is well advanced, it should be noted that microarrays are not very sensitive to small changes of mRNA abundance, and moreover, they are not a good measure of rhythmic transcriptional activity for mRNAs that are either very unstable or very stable. Therefore, microarray results might not be reflective of transcriptional control in detail.
For example, in the model plant Arabidopsis thaliana, microarray studies have demonstrated that approximately 10% of genes exhibited circadian rhythms of mRNA abundance, identifying circadian control of genes involved in photosynthesis/carbon metabolism, stress and hormone responses, transcription, and other pathways (Harmer et al., 2000; Schaffer et al., 2001) . However, a promoter trap experiment showed that ~35% of Arabidopsis promoters were rhythmically controlled (Michael and McClung, 2003) . This discrepancy implies that the promoter activity of many genes is controlled by the biological clock but that posttranscriptional control mechanisms counterbalance the rhythmic transcription of some genes such that the mRNA abundance remains more or less constant.
In the filamentous fungus, Neurospora crassa, microarray analyses showed that approximately 5% of genes from starving cultures and 20% of genes from rapidly growing cultures were clock regulated (Nowrousian et al., 2003; Correa et al., 2003) . Microarrays revealed that about 1% of genes in Drosophila melanogaster displayed circadian rhythms in mRNA abundance (McDonald and Rosbash, 2001) , and in mammals, microarray analyses of SCN and peripheral tissues showed that the mRNA abundance of approximately 8% to 10% of all genes is regulated by the circadian clock (Akhtar et al., 2002; Panda et al., 2002; Storch et al., 2002; Ueda et al., 2002) . Based on the observations in Arabidosis (Michael and McClung, 2003) and the limitations of microarrays, it is quite likely that the degree to which circadian clocks control promoter activity is underestimated.
THE CIRCADIAN CLOCK SYSTEM IN CYANOBACTERIA
Unlike the cases of the eukaryotic systems, the clock system in prokaryotic cyanobacteria appears to globally regulate transcriptional activity. The cyanobacterial system was the first to use the promoter trap technique (Liu et al., 1995) , and the application of this methodology may explain why pervasive clock control over gene expression was found. This profound control of transcriptional activity in the cyanobacterium Synechococcus elongatus PCC 7942 is regulated by a molecular clockwork that is encoded by 3 genes-kaiA, kaiB, and kaiC-that form a cluster on the chromosome; inactivation of any of the kai genes abolishes clock function (Ishiura et al., 1998) . The proteins encoded by these genes interact with one another (Iwasaki et al., 1999; Taniguchi et al., 2001; Xu et al., 1999) to form large complexes in vivo with KaiC as the core (Kageyama et al., 2003) . KaiC exists in both phosphorylated and nonphosphorylated forms in vivo, and its phosphorylation status is correlated with clock speed (Nishiwaki et al., 2000; Iwasaki et al., 2002; Xu et al., 2003; Johnson, 2004) .
In one of the more remarkable discoveries in the field in recent years, it was shown that a circadian oscillation of KaiC phosphorylation could be reconstituted in vitro with the purified KaiA, KaiB, and KaiC proteins . KaiA enhances KaiC autophosphorylation, while KaiB antagonizes the effects of KaiA (Iwasaki et al., 2002; Williams et al., 2002; Kitayama et al., 2003; Xu et al., 2003) .
The enzymatic activity of the KaiABC system in regulating circadian output rhythms in vivo is not yet known, but evidence suggests that KaiC-containing protein complexes interact with DNA, either directly or indirectly. Neither kaiA nor kaiB show obvious similarities to any other known genes; however, kaiC appears to be an internally duplicated version of a bacterial recA/dnaB-like gene (Iwasaki et al., 1999; Leipe et al., 2000) . In bacteria, RecA functions as a DNA recombinase, and DnaB is a DNA helicase; thus, the similarity implies that KaiC might also interact directly with DNA. Indeed, KaiC binds DNA substrates in vitro with low affinity (Mori et al., 2002) . KaiC also interacts with a 2-component histidine protein kinase, SasA (Iwasaki et al., 2002) , and stimulates the autophosphorylation of SasA (Smith and Williams, in press ), but SasA does not alter the phosphorylation status of KaiC. Recently, a candidate protein that may function as the cognate response regulator with SasA has been identified (Takai et al., 2006) ; this response regulator, called RpaA, interacts with SasA and contains a leucine zipper DNA-binding motif. Therefore, it is likely that KaiC interacts with DNA either directly (Mori et al., 2002) or indirectly through SasA/RpaA to regulate circadian gene expression (Takai et al., 2006) .
RHYTHMIC CLOCK OUTPUTS IN CYANOBACTERIA
In addition to regulating gene expression, a number of other metabolic and cellular processes in cyanobacteria are under the control of the biological clock. This observation suggests that circadian cycles allow cellular processes to occur in a temporal sequence that is most beneficial to the organism. For example, some species of cyanobacteria (e.g., the genera Trichodesmium, Cyanothece, and Synechococcus) show a daily rhythm of photosynthesis that is in reverse phase to the daily cycle of nitrogenase expression, a key enzyme for nitrogen fixation Schneegurt et al., 1994; Huang et al., 1999) . The peak of nitrogenase expression is during the dark phase of the cycle, allowing the temporal separation of expression of the oxygen-sensitive nitrogenase enzyme during periods when oxygen-evolving photosynthesis is not occurring. In Synechococcus RF-1, circadian changes in the uptake of amino acids has been observed (Chen et al., 1991) , and more recently, infection of S. elongatus PCC 7942 by the cyanophage AS-1 has been shown to be influenced by light (Kao et al., 2005) . In particular, adsorption of AS-1 appeared to be more efficient in the light phase than in the dark phase. For years, it was thought that a circadian clock would be of no benefit to prokaryotic organisms since cell division often occurs more than once daily in many prokaryotic species. However, S. elongatus cells, dividing on average more than once per day, display robust daily rhythms of gene expression (Kondo et al., 1997) and have the timing of their cell division "gated" to occur only during the light phase of the circadian cycle (Mori et al., 1996) . These rhythms of gene expression persist when cell division, but not DNA replication, is inhibited (Mori and Johnson, 2001) . Apparently, cell division is another output that is gated by the circadian clock, and control of the circadian timing mechanism is independent of the cell division cycle (Mori and Johnson, 2001; Kondo et al., 1997) .
Using bacterial luciferase genes (luxAB) of Vibrio harveyi as a reporter for promoter activity, circadian rhythms of gene expression have been detected in a number of cyanobacterial species. By fusing the psbA1 promoter, which drives expression of a component of photosystem II, to a promoterless luxAB gene cassette, transcription from this promoter was shown to be under circadian control in S. elongatus PCC 7942 (Kondo et al., 1993) . A similar approach was used to show that expression from the dnaK promoter was rhythmic in Synechocystis sp. strain PCC 6803 (Aoki et al., 1995) . Rhythmic transcription from the psbA1 promoter in the thermophilic cyanobacterium, Thermosynechococcus elongatus BP-1, has also been demonstrated (Onai et al., 2004) . A survey of 40 cyanobacterial species, including representatives of all 5 sections, indicated the presence of a kaiC gene. This discovery suggested that a kaiCregulated circadian system is universal to cyanobacteria (Lorne et al., 2000) . Therefore, regulation of promoter activities by the circadian clock appears to be a general phenomenon in cyanobacteria.
Despite the fact that the expression of genes for a number of photosynthetic proteins (e.g., psbAI) is regulated by the circadian clock in S. elongatus PCC 7942, photosynthesis itself (as monitored by oxygen evolution) is not rhythmic in constant light (Yen et al., 2004) . Therefore, the significance of the rhythmic expression of photosynthesis genes in S. elongatus is not known. It is possible that this observation means that the transcription of some photosynthesis genes in S. elongatus is regulated by the circadian clock but that mRNA abundance or protein stability is regulated by a different mechanism as a design feature to supply more or less constant levels of photosynthetic proteins over the daily cycle (many proteins involved in photosynthesis are known to be damaged during the day and therefore must be replaced so that photosynthesis can proceed). On the other hand, in other closely related cyanobacterial species (Synechocystis sp. PCC 6803, Synechococcus RF-1), there are rhythms of oxygen evolution in constant light (Yen et al., 2004) . It is not yet clear what these differences in gene expression patterns versus photosynthetic capabilities portend.
EVIDENCE FOR GLOBAL REGULATION OF TRANSCRIPTION BY THE CIRCADIAN CLOCK IN SYNECHOCOCCUS ELONGATUS
As mentioned above, in the eukaryotic organisms examined to date, genes from a relatively minor fraction of the genome show circadian rhythms of mRNA abundance; thus, control of transcription by the circadian clock does not appear to be pervasive. However, since mRNA abundance is due to both transcription and mRNA stability, this measure could be misleading. In S. elongatus, it is not a fraction of the total number of genes that is regulated by the biological clock; rather, promoter activities throughout the genome are controlled by the clock (Liu et al., 1995) . In fact, we have not yet found even a single promoter whose activity is reproducibly constitutive. These conclusions are based on a sensitive and comprehensive promoter trap experiment in which a promoterless luciferase gene set (luxAB) was randomly inserted throughout the genome. Whenever the luxAB gene set inserted into a locus that was correctly positioned and oriented to a cyanobacterial promoter, luciferase was expressed. In our 1995 paper (Liu et al., 1995) , the luxAB expression patterns of more than 800 independent colonies were analyzed; all of the colonies that expressed luciferase displayed circadian rhythms with the same period.
The pattern of the rhythmic luxAB expression differed among the promoters isolated, both in terms of phasing and waveform ( Figure 1A,B ). Most of the promoters (class 1 promoters) were activated during the day, consistent with an interpretation that their corresponding proteins are produced to replace proteins that become progressively inactivated during the daylight hours ( Figure 1A) . In contrast, a smaller number of promoters were activated only during the night (class 2 promoters). Even the promoter activity for a gene that would be expected to be constitutively expressed (e.g., a "housekeeping gene" such as a ribosomal RNA gene [rrnA] ) was shown to be rhythmic (Liu et al., 1995) . Furthermore, the activity of heterologous promoters, such as the Escherichia coli promoters, conIIp and trcp, is rhythmic when inserted into the cyanobacterial chromosome (Katayama et al., 1999; Xu et al., 2003) . The data from the conIIp and trcp promoters demonstrate that even promoters that have not evolved within the cyanobacterial system are recognized and expressed rhythmically in S. elongatus. Together, these observations indicate that the cyanobacterial clock controls gene expression in a global manner by regulating the activity of all promoters.
A microarray analysis of mRNA abundances in S. elongatus has recently been performed, and about 30% of the genome was found to exhibit circadian rhythms of mRNA abundance (Dr. Hideo Iwasaki, personal communication, 2006) . Therefore, it appears that in S. elongatus, some of the genes whose promoter activities are rhythmic exhibit effectively nonrhythmic patterns of mRNA abundance (see below). In other cyanobacterial species, a similar pattern was found. For example, a promoter trap experiment using a promoterless luxAB reporter in Synechocystis sp. strain PCC 6803 showed that 80% of the 72 bioluminescent colonies isolated showed circadian rhythms of luxAB expression (Aoki et al., 1995) , but in a genomewide screen using microarrays, the mRNA abundances of only ~9% of genes displayed circadian rhythms (Kucho et al., 2005) . In the thermophilic cyanobacterium, T. elongatus BP-1, microarrays revealed that the mRNA abundance of ~6% of genes was rhythmic (Kucho et al., 2004) .
One possible explanation for the discrepancies between the results obtained with microarrays and those of promoter trap assays is the different sampling intervals that can lead to differences in sensitivity to changes of gene expression (Kucho et al., 2005) . For example, in the promoter trap analyses, luminescence (as a gauge of promoter activity) was monitored every 30 min to 1 h, but in the microarray experiments, the time between measurements of mRNA abundances was 4 h (in Synechocystis) and 12 h (in Thermosynechococcus). It is difficult to assess the significance of cyclic changes in genes that display lowamplitude rhythms when the sampling is infrequent (as in most microarray experiments). In addition, microarray analyses detect changes in mRNA abundance, while the promoter trap approach measures changes in transcriptional activity; therefore, genes that produce mRNAs that have either a very short or a very long half-life in the cell would show, at best, a small peak-to-trough amplitude in mRNA abundance within a high background, even though the promoter driving transcription may be under circadian control. On the other hand, turnover issues (i.e., protein halflife) can also complicate the interpretation of reporter assays as gauges of transcriptional activity. For example, if the half-life of a reporter protein such as luciferase is either (a) very short or (b) very long, the reporter can (1) underestimate the magnitude of an oscillation or (2) totally miss the oscillation, respectively (Hastings and Johnson, 2003) .
If the current interpretation is correct that all promoters in cyanobacteria are rhythmically controlled but that some mRNA abundances are regulated by a different mechanism, this conclusion could have important implications for the experiments in eukaryotes in which the data are derived from measurements of mRNA abundance. Perhaps there are more pervasive rhythms in transcriptional activity in eukaryotes than originally thought, but many mRNAs are regulated posttranscriptionally such that their abundance appears to be more or less constant over the day.
POSSIBLE GENE REGULATORY PATHWAYS IN S. ELONGATUS
It is not yet known how temporal information is transmitted from the circadian clock globally to the promoters that control the expression of the ~2600 genes in S. elongatus. We consider herein 3 potential (and not mutually exclusive) mechanisms to explain this global regulation of transcription. The first mechanism we consider is that the circadian clock directly controls the basic transcriptional machinery of the cyanobacterial cell. In bacteria, promoter recognition by the transcription machinery is mediated by the binding of protein subunits, called sigma factors, to the RNA polymerase holoenzyme. Most bacteria contain several families or groups of sigma factors that modify the RNA polymerase holoenzyme, allowing recognition of different families of promoters. Thus, by temporally regulating the "pool" of available sigma factors, the circadian clock could control the promoter activity in a global manner.
In S. elongatus, an essential gene, rpoD1, encodes a sigma factor that has been characterized; a number of closely related genes encoding group 2 sigma factors (rpoD2, rpoD3, rpoD4, and sigC) that are not essential for growth have also been detected (Tanaka et al., 1992) . Inactivation of genes that encode these alternative group 2 sigma factors, either singly or pairwise, results in altered circadian expression from the psbAI promoter; circadian regulation of psbAI expression was not dramatically disrupted, but modest changes in amplitude, phase angle, waveform, or period were observed (Tsinoremas et al., 1996; Nair et al., 2002) . Inactivation of rpoD2 and pairwise inactivation of rpoD2rpoD3 or rpoD3rpoD4 resulted in altered period lengths of gene expression from the kaiBC promoter (Nair et al., 2002) . These results indicate that these alternative group 2 sigma factors modulate the output pathway of temporal information from the circadian clock to at least a subset of cyanobacterial genes. However, the observation that rhythmic gene expression, although altered, was neither completely abolished nor drastically disrupted by inactivation of the genes for these alternate sigma factors implies that control of the pool of available sigma factors by the circadian clock does not solely account for global regulation of promoter activities in cyanobacteria.
A second mechanism that could explain how temporal information is transmitted from the KaiABC protein oscillator to globally affect circadian gene expression is by directly controlling the signal transduction pathway that in turn regulates the transcriptional machinery. A protein that could potentially play this role is the aforementioned 2-component histidine kinase, SasA , and its cognate response regulator protein, RpaA (Takai et al., 2006) . Two-component or histidyl-apartyl phosphorelay systems are the predominant mode of signal transduction in bacteria (Stock et al., 2000) . Following autophosphorylation at a conserved histidine residue in response to some environmental stimulus, the kinase acts as a phospho-donor to the response regulator. When phosphorylated, the response regulator undergoes a conformational change to affect changes in cellular processes such as gene expression or locomotion. In S. elongatus, the core clock protein KaiC interacts with SasA , and even though KaiC does not have an identifiable kinase domain, it stimulates the autophosphorylation of SasA (Smith and Williams, 2006; Takai et al., 2006) . SasA, however, does not alter the phosphorylation status of KaiC, implying that information from the clock is being transmitted to SasA and not vice versa (Smith and Williams, 2006) . It is possible that SasA transduces information from the KaiABC oscillator by interacting with its putative response regulator to globally control transcription of cyanobacterial genes or by controlling the expression of a subset of genes, the products of which cascade to regulate the expression of downstream genes in a circadian manner (Tomita et al., 2005; Takai et al., 2006) .
Regulating sigma factor pools and/or a master signal transduction pathway implies the interaction of the transcriptional regulatory machinery with specific DNA sequences in clock gene promoters. Although both of these mechanisms could be involved in global clock control of transcription in cyanobacteria, several recent observations are difficult to explain by those mechanisms. It has been known for some time that continuous overexpression of KaiC represses transcription from the kaiBC promoter, suggesting negative feedback of KaiC on its own promoter reminiscent of eukaryotic clock systems (Ishiura et al., 1998) . However, we now know that the kaiBC promoter is not the only one repressed by overexpression of KaiC; rhythms of transcription from all cyanobacterial promoters are repressed by KaiC overexpression (Nakahira et al., 2004 ; see Figure 1 ).
It was also unexpected to discover that the promoters that mediate (1) rhythmic transcription from the kai genes or (2) KaiC repression are not specifically required; heterologous E. coli promoters can be used to drive rhythmic expression of either kaiA or kaiBC (Xu et al., 2003; Nakahira et al., 2004) . The transcriptional machinery of cyanobacteria recognizes the E. coli promoter, trcp, even though this promoter is obviously not one that evolved in conjunction with the cyanobacterial clockwork. Functional replacement of both the kaiA and kaiBC promoters with the inducible trcp promoter has been reported, and expression of the Kai proteins at a permissive level permits rhythmic transcription (Xu et al., 2003; Nakahira et al., 2004) . Remarkably, temperature compensation, a defining characteristic of circadian clocks, was preserved when trcp replaces the kaiBC promoter (Nakahira et al., 2004) . Taken together, these results indicate that the circadian clockwork in cyanobacteria does not require negative feedback of clock proteins on specific clock promoters; all that is required is the expression of appropriate levels of the Kai proteins. On one level, this result is explainable now that we know that the 3 Kai proteins together are sufficient to generate an oscillation in the phosphorylation status of KaiC in vitro ; autoregulatory feedback on clock gene transcription is not required for this oscillation (at least not in constant darkness; see below). Nevertheless, the mechanism(s) that link the core KaiABC oscillator to global gene expression patterns is unknown.
The fact that the cyanobacterial clockwork does not require specific clock gene promoters, as well as the pervasiveness of KaiC regulation over rhythmic transcriptional activity, suggests a more general and broad mechanism for global clock control of promoter activities. Therefore, a third mechanism to explain pervasive circadian gene expression is the proposal that KaiC mediates both its own negative feedback regulation and global regulation of transcription throughout the genome by orchestrating oscillations in the condensation and/or supercoiling status of the entire cyanobacterial chromosome (Mori and Johnson, 2001) . The chromosomes of most bacteria are arranged in a highly organized architecture based on condensation and coiling of DNA, called the nucleoid (Trun and Marko, 1998) , and it is also well recognized that changes in the local supercoiling status of DNA can affect the transcriptional rate of bacterial genes (Pruss and Drlica, 1989; Straney et al., 1994; Schneider et al., 2000; Unniraman and Nagaraja, 2001 ). Furthermore, it has been shown recently that treatment of E. coli cells with a gyrase inhibitor causes a dramatic alteration of chromosomal supercoiling status that triggers genomewide changes in transcription (Peter et al., 2004) .
THE OSCILLOID MODEL FOR CIRCADIAN CONTROL OF GENE EXPRESSION IN CYANOBACTERIA
We call this third mechanism for global promoter regulation by the circadian clockwork in cyanobacteria the oscilloid model (Mori and Johnson, 2001) . This model posits that the condensation and/or supercoiling status of the cyanobacterial chromosome changes rhythmically such that it becomes an oscillating nucleoid, or "oscilloid." These oscillations in chromosome topology promote rhythmic modulation of the transcriptional rates of all genes, accounting at least in part for global regulation of gene expression. The model proposes that the gene-specific cis-elements that mediate rhythmic gene expression might be (at least partially) responsive to chromosomal status rather than exclusively to specific trans-acting factors. Heterologous promoters from other species of bacteria that are integrated into the cyanobacterial chromosome are rhythmically active because they are also subject to the oscillating chromosomal status (Xu et al., 2003; Nakahira et al., 2004) . Moreover, a KaiC-containing protein complex regulates, directly or indirectly, these changes of chromosomal status (Nakahira et al., 2004) , and the phosphorylation status of KaiC is important in regulating the activity of this protein complex (Iwasaki et al., 2002; Xu et al., 2003) .
A number of observations support the feasibility of this hypothesis. In the eukaryotic alga Chlamydomonas reinhardtii, there is evidence for daily rhythms of topological changes in the eubacterial-like chloroplast chromosome (Salvador et al., 1998) . When integrated into the cyanobacterial chromosome, the promoter of the E. coli gene, fis, whose activity is known to be topology dependent, displays rhythmic activity suggesting that the cyanobacterial chromosome may undergo rhythmic changes in topology (Min et al., 2004) . The observation that circadian clock function in cyanobacteria does not require negative feedback of clock proteins on DNA sequences in specific clock promoters and that overexpression of KaiC represses the activity of all promoters (Xu et al., 2003; Nakahira et al., 2004 ) is also consistent with this hypothesis. Furthermore, Smith and Williams (2006) have recently provided direct evidence to support this hypothesis. DAPI staining of chromosomes in S. elongatus cells has shown that the cyanobacterial circadian clock regulates a daily rhythm of chromosome compaction (Smith and Williams, 2006) ; this rhythm of chromosome compaction is kai dependent but not dependent on SasA.
Unpublished data from our laboratory also support the "oscilloid" model of clock control of transcription. Some strains of S. elongatus harbor a nonessential endogenous plasmid called pANS. Using chloroquine agarose gel electrophoresis (a technique that separates plasmid topoisomers based on superhelicity), we have shown that the relative superhelicity of the pANS plasmid changes in a circadian manner and that these changes in superhelicity correlate with changes in the transcriptional activity of a chromosomal PsbAIp::luxAB reporter ( Figure  2A ; Woelfle et al., manuscript in preparation) . Furthermore, plasmids containing either psbAIp (class 1) or purFp (class 2) driving luxCDABE expression in cyanobacteria display rhythms of transcription with the same period and phase as when these same reporters are incorporated into the chromosome (Figure 2B ; Woelfle et al., manuscript in preparation) . Moreover, rhythmic expression of luxCDABE from the plasmid is abolished in cyanobacterial cells in which kaiC has been deleted ( Figure 2B) . Assuming that plasmids in S. elongatus accurately reflect a phenomenon that also occurs in the chromosome, these results suggest that changes in DNA topology are regulated by the circadian clock of cyanobacteria and that these changes in DNA topology affect promoter activity. Interestingly, the kai-dependent rhythms of chromosomal compaction (Smith and Williams, 2006) are in more or less the same phase as the rhythms of plasmid supercoiling that we have observed. In general, as the cyanobacterial chromosome compacts during the course of the day, the endogenous plasmid displays increased supercoiling, and as the chromosome decompacts during the night, supercoiling in the endogenous plasmid is reduced. This observation suggests that the plasmid reporter system is an accurate reporter of chromosomal changes.
Nakahira and coworkers have shown that rhythms of transcription from all cyanobacterial promoters are repressed by KaiC overexpression (Nakahira et al., 2004) and that cyanobacterial promoters could be divided into 2 classes based on their transcriptional response to KaiC repression. The first type of response, exhibited by 5% to 10% of the promoters, including the kaiBC promoter, displays a high-amplitude oscillation that is eliminated by KaiC overexpression (Figure 1A) . This response is reflective of promoters whose activity is "clock dominated"; the promoter shows almost no basal activity at trough phases of the circadian cycle or during KaiC overexpression (Nakahira et al., 2004; Johnson, 2004) . In addition to the kaiBC promoter, other promoters that display "clock-dominated" activity are those controlling expression of sigC, chlB, rpoBC1C2, and clpC genes. The second type of response to KaiC overexpression is a lower amplitude oscillation in promoter activity in which the rhythmic component is abolished, but a significant nonrhythmic basal level of promoter activity remains ( Figure 1B) . This "clockmodulated" response is exhibited by 90% to 95% of promoters, including the psbA1 promoter (Nakahira et al., 2004) . These results indicate that KaiC or, more likely, a KaiC-containing complex coordinates global control of transcription. For the majority of genes, the kaiABC oscillator controls a minor rhythmic component in the expression of genes that have a large constitutive basal transcriptional activity (clock modulated); in the smaller subset of clock-dominated genes, the kaiABC oscillator dictates the entire profile of transcriptional activity. The clock-dominated class of promoters might drive the transcription of genes that encode proteins intrinsically involved in the circadian clock system that, in turn, rhythmically alters the activity of the clock-modulated promoters.
As discussed earlier, the core protein of the KaiABC complex, KaiC, exists in both phosphorylated and nonphosphorylated forms in vivo, and its phosphorylation status is correlated with clock speed (Nishiwaki et al., 2000; Iwasaki et al., 2002; Xu et al., 2003; Johnson, 2004) . In LL and LD cycles, a circadian oscillation of both KaiC phosphorylation and plasmid supercoiling is observed in vivo (Iwasaki et al., 2002; Xu et al., 2003; Woelfle et al., manuscript in preparation) . Since KaiC appears to have a low-affinity binding to DNA (Mori et al., 2002) , and based on KaiC's similarity to helicases and recombinases (Leipe et al., 2000) , it is possible that a KaiC-containing protein complex directly modulates DNA topology. However, when rhythmically growing cyanobacterial cells are released into constant darkness, the circadian oscillation of plasmid supercoiling is abolished (Woelfle, unpublished data) , even though an oscillation of KaiC phosphorylation remains (Tomita et al., 2005) . Since S. elongatus is an obligate photoautotroph, and transcription and translation are inhibited in constant darkness (Tomita et al., 2005) , one can conclude that (1) a minimal core circadian oscillator is possible in cyanobacteria without any transcription-translation feedback loop (TTFL) properties, and (2) the KaiC phosphorylation rhythm alone is not sufficient to modulate changes in chromosome topology. Interestingly, the circadian oscillation of KaiC phosphorylation status that can be reconstituted in vitro with purified KaiA, KaiB, and KaiC proteins appears to be a good model for the in vivo rhythm in constant darkness.
When cyanobacterial cells are in LL or LD, however, rhythms of global transcriptional activity and chromosomal topology/supercoiling are activated, and concomitantly, KaiB and KaiC are rhythmically transcribed, translated, and degraded such that there are rhythms of KaiB and KaiC protein abundance (Xu et al., 2000; Tomita et al., 2005) . Therefore, in LL and LD, a TTFL loop becomes relevant. It is as though there are 2 states of the cyanobacterial clock: (1) a core KaiABC clockwork that is entirely posttranslational and keeps track of time under conditions of metabolic repression and (2) an extended clock system that involves a TTFL and regulates global transcriptional activity when metabolism is churning. The "switch" between these 2 states is conditional: Metabolic repression (DD) supports the minimal posttranslational timer, whereas metabolic activity (LL and LD) activates the global system that robustly turns over its molecular components. The switch between these states might be light dependent or energy charge dependent (e.g., adenosine triphosphate/ adenosine diphosphate [ATP:ADP] ratio). This switch is like a condition-dependent "clutch" (Figure 3) . In LL/LD, the clutch is engaged, and therefore the clockwork drives global transcription; in DD, the clutch is dis- engaged, and therefore the KaiABC oscillator ticks away without driving the transcriptional outputs. The constant thread between these 2 states of the clockwork is presumably the rhythm of KaiC phosphorylation that is characteristic of both conditional states. However, it is curious that the KaiC phosphorylation rhythm is maintained in the LL/LD conditions since KaiC is nearly totally degraded at the end of night under these conditions (Imai et al., 2004) . If KaiC is degraded, how can it keep track of its phosphorylation status? And how does the switch from metabolic repression to metabolic activity activate clock control over transcription?
The latter question leads us back to the 3 models for clock orchestration of transcription in cyanobacteria: (1) transcriptional factors such as sigma subunits, (2) 2-component signal transduction pathways such as SasA/RpaA, and (3) the oscilloid model. Again, these 3 models are not mutually exclusive; indeed, we may ultimately discover that all 3 mechanisms are involved. Figure 3 presents an updated version of the oscilloid model. There are several possibilities of how the KaiABC oscillator modulates changes in chromosomal topology. The first possibility is a direct modulation of chromosomal topology that in turn affects promoter activity (inset A of Figure 3 ). Transcriptional activity of "clock-dominated" promoters is totally dependent on these topology changes, possibly due to specific DNA sequences or to their chromosomal location. On the other hand, the rhythmic component (= peak-to-trough amplitude) but not the basal level of "clock-modulated" promoters is affected by changes in chromosomal topology.
An alternate possibility is that there is a multifactorial linkage between the core KaiABC oscillator and transcriptional activity that is mediated by an intermediate protein factor(s) (inset B of Figure 3 ). Possible candidates for the intermediate factor(s) that could link the KaiABC oscillator to changes in DNA topology are proteins such as bacterial DNA gyrases and/or topoisomerases or nucleoid proteins. In S. elongatus, there are obvious homologs of topA, gyrA, and gyrB that encode type I and type II topoisomerases, respectively, as well as genes that appear to encode nucleoid-associated proteins similar to HU and HNS. It is also possible that the intermediate factors that interact directly with the KaiABC oscillator are SasA/RpaA, which transmit rhythmic directions to proteins (e.g., gyrases and/or topoisomerases) that regulate chromosomal topology; however, the observation that SasA is not required for the rhythm of chromosomal compaction (Smith and Williams, in press) argues against this possibility (at least in dim light; Takai et al., 2006) . Whether the simple alternative (inset A of Figure 3 ) or the multifactorial alternative (inset B of Figure 3) is correct, the bottom line is that the core clockwork may regulate the activities of the clock-dominated and clock-modulated promoters by changes in chromosome topology.
CONCLUDING REMARKS/IMPLICATIONS FOR OTHER CIRCADIAN SYSTEMS
While the oscilloid model can incorporate the wealth of new observations regarding global regulation of transcription by the cyanobacterial circadian clock, it is a difficult hypothesis to prove due to the fact that transcription itself introduces supercoils into DNA. Therefore, we have a "chicken and egg" problem: (1) is primary regulation of supercoiling globally modulating the transcriptional rate, or (2) is primary regulation of transcription causing a concomitant rhythm of supercoiling? Moreover, we cannot rule out the possibility that to some degree or another, the circadian clockwork regulates both transcription and chromosomal topology. Knocking out nonlethal sigma factors singly or in combination does not abolish the circadian patterns of transcriptional activity (Nair et al., 2002) , but perhaps the relevant sigma factors are essential and cannot be deleted. It is also quite possible that global regulation of gene expression by the circadian clock incorporates a number of redundant mechanisms, as is the case for many important biological processes; inactivation of any one of these mechanisms may show only small effects on the circadian phenotype.
As mentioned earlier, there is a circadian rhythm of KaiC phosphorylation in vivo in S. elongatus (Iwasaki et al., 2002) , and this rhythm is maintained when cells are transferred to constant darkness (Tomita et al., 2005) , a condition in which transcription and translation are inhibited. This observation indicates that a circadian oscillator is possible in cyanobacteria without any TTFL properties. The circadian oscillation of KaiC phosphorylation status can also be reconstituted in vitro with purified KaiA, KaiB, and KaiC proteins . Thus, the in vitro KaiABC system could serve as an excellent model for the in vivo cyanobacterial clock in constant darkness. An issue of considerable interest now is how the system is changed in LL/LD to include molecular turnover (transcription, translation, and protein degradation) and whether a TTFL is necessary in these conditions. At the present time, the circadian clock system in cyanobacteria differs in a number of ways from that of eukaryotes. However, it now appears that the cyanobacterial clock system in LL/LD is possibly a TTFL as in eukaryotes, whereas the DD system is purely posttranslational. Might it be possible that the eukaryotic clock systems include an underlying timing circuit that is also totally posttranslational? If so, perhaps there is a technique by which such an underlying posttranslational clock can be "teased out." At the moment, there is good evidence of chromosomal topological alteration that links the cyanobacterial clock to its molecular outputs, whereas we tend to assume that eukaryotic clock-controlled genes are regulated by rhythmic activity of specific transcriptional factors. However, we might find in time that regulation of chromosomal remodeling is also very important in the regulation of transcription by eukaryotic clocks; indeed, recent evidence suggests that the mammalian clockwork does just that (Etchegaray et al., 2003; Ripperger and Schibler, 2006; Doi et al., 2006) . In eukaryotes, activation and repression of transcription are often associated with modifications to histones (e.g., phosphorylation, methylation, or acetylation) that condense/decondense chromatin. In mammals, the activation of several CLOCK-BMAL target genes requires histone acetylation (Etchegaray et al., 2003; Ripperger and Schibler, 2006) ; histone acetylation activates transcription by decondensing chromatin. Interestingly, CLOCK has recently been shown to have histone acetyltransferase activity (HAT) and that this activity is necessary to rescue circadian rhythmicity in Clock mutant cells (Doi et al., 2006) . The HAT activity of CLOCK and its apparent requirement for rhythmicity implies that regulation of chromatin structure by the circadian clock is an important mechanism for transcriptional regulation. Furthermore, the similarity of mammalian CLOCK to that of Drosophila dCLOCK suggests that this control mechanism may be widespread among eukaryotic circadian clocks.
Indeed, the recent report of kai-dependent rhythms of chromosomal compaction (Smith and Williams, 2006) and our observation of rhythmic changes in supercoiling status in S. elongatus reveal similarities between the cyanobacterial mechanism of rhythmic gene expression and that of eukaryotic clockcontrolled genes whose regulatory elements undergo cyclic changes in chromatin structuring. Perhaps interactions between clockworks and output pathways that maintain chromosomal structure are widespread. Thus, although the molecular details may differ, investigations of the molecular mechanisms of the cyanobacterial clock system, especially into the apparently conditional linkage between the phosphorylation rhythm of KaiC and rhythmic transcription, may lead to insights that are more broadly applicable to circadian clock systems of other organisms.
